Chemokines and their receptors form an intricate interaction and signalling network that plays critical roles in various physiological and pathological cellular processes. The high promiscuity and apparent redundancy of this network makes probing individual chemokine /receptor interactions and functional effects, as well as targeting individual receptor axes for therapeutic applications, challenging. Despite poor sequence identity, the N-terminal regions of chemokines, which play a key role in their activity and selectivity, contain several conserved features. Thus far little is known regarding the molecular basis of their interactions with typical and atypical chemokine receptors or the conservation of their contributions across chemokine-receptor pairs.
Introduction
proposed to exclusively trigger arrestin-dependent signalling (Ganju et al., 1998; Kalatskaya et al., 2009; Rajagopal et al., 2010; Sun et al., 2002) . ACKR3 has also been shown to act as a scavenger receptor for CXCL12, CXCL11 and vCCL2, thus regulating their availability for other chemokine receptors (Boldajipour et al., 2008; Luker et al., 2010; Naumann et al., 2010; Berahovich et al., 2014; Szpakowska et al., 2016) . Thus far however, the molecular basis accounting for its atypical functions and signalling remains unclear.
Based in part on the large amount of data regarding CXCL12 and CXCR4, the interaction between chemokines and their receptors is generally described as a multi-step process with extensive contacts between the two partners and 1:1 stoichiometry (Crump et al., 2001; Veldkamp et al., 2008; Szpakowska et al., 2012; Kufareva et al., 2014; Qin et al., 2015) . During the initial step of the interaction, the N terminus of the receptor (chemokine recognition site 1, CRS1) binds the core of the chemokine including the N-loop region, allowing for optimal orientation with respect to the top of the ligand-binding pocket (CRS1.5) (Qin et al., 2015) . This enables the insertion of the flexible chemokine N terminus into the receptor transmembrane cavity (CRS2), stabilizing an active state of the receptor, that in turn triggers intracellular signalling (Crump et al., 1997; Veldkamp et al., 2008; Chevigne et al., 2011 Chevigne et al., , 2014 Qin et al., 2015) . Although chemokine receptors can function as monomeric signalling units, direct evidence suggests that they are able to form both homo-and heterodimers in a ligand-independent manner (Levoye et al., 2009; Wu et al., 2010; Watts et al., 2013) . Such oligomeric states were also observed for chemokines, possibly adding another level of fine tuning to the already highly intricate interplay between chemokines and receptors (Stephens and Handel, 2013; Dyer et al., 2016; Kleist et al., 2016) .
The N-terminal portion of chemokines is a key determinant of their activity and selectivity that harbors several features involved in chemokine-receptor interactions, including the flexible N terminus, the cysteine motif and the N-loop (Fernandez and Lolis, 2002; Allen et al., 2007; Chevigne et al., 2011) . In addition, approximately one-third of CC and CXC chemokines possess a proline in their proximal N terminus, usually at position 2, proposed to play an essential role not only in receptor activation but also in the regulation of chemokine availability through their degradation by extracellular proteases (Crump et al., 2001; Ludwig et al., 2002) . Peptides derived from the N-terminal region of CXCL12 and vCCL2 have been shown to be sufficient to specifically bind to CXCR4, while also conserving the agonist or antagonist activity of the parental chemokine (Heveker et al., 1998; Loetscher et al., 1998; Zhou et al., 2000; Chevigne et al., 2011) . Notably, the introduction of further modifications to these peptides, such as mutations, truncations, dimerization or D-amino acid replacement, emerged as a means by which to assess the importance of specific residues for receptor binding and activation, the propensity of the receptor to dimerize or the plasticity of CRS2 (Heveker et al., 2001; Zhou et al., 2002; Choi et al., 2012) . Moreover, N-terminal deletions or the P2G mutation convert peptides derived from the N terminus of CXCL12 to CXCR4 antagonists, illustrating their therapeutic potential (Crump et al., 1997; Heveker et al., 1998; Luo et al., 2000; Chevigne et al., 2011) . However, with the exception of CXCR4, little is known regarding the importance of these proximal features of chemokines in receptor recognition and activation or the conservation of their contributions across chemokinereceptor pairs. Therefore, CXCR4, ACKR3 and CXCR3 in conjunction with their ligands CXCL12, CXCL11, CXCL10, CXCL9 and vCCL2, of which some are shared or display opposite activities, offer the opportunity to investigate these questions.
In this study, using peptides derived from the N-terminal regions of chemokines and modified full-length chemokines, we compared the role of various N-terminal features in their interactions with canonical receptors, CXCR3 and CXCR4, and the atypical receptor ACKR3. Our data provide insights into the plasticity of receptor ligand-binding pockets and their activation mechanisms. Unlike CXCR4, CXCR3 and other classical chemokine receptors, ACKR3 was relatively insensitive to chemokine N-terminal modifications maintaining a high propensity for activation. These results show that ligand recognition and activation of ACKR3 differs significantly from that of the classical chemokine receptors CXCR4 and
Figure 1
CXCR4-ACKR3-CXCR3 receptor-ligand interaction network and chemokine N-terminal features. (A) Selectivity and crosstalk between the two canonical G protein-signalling chemokine receptors, CXCR4 and CXCR3, the atypical β-arrestin-biased receptor ACKR3 and their shared ligands. CXCL12 is the only endogenous chemokine ligand for CXCR4. It is also the highest affinity chemokine for ACKR3 but does not bind CXCR3. The viral chemokine vCCL2 is a CXCR4 antagonist but acts as an agonist of ACKR3. CXCL11 is the dominant ligand for CXCR3 and binds also to ACKR3. CXCL10 and CXCL9 bind and activate CXCR3, but not ACKR3. (B) Two-site/two-step model for the interactions of full-length chemokines with their cognate receptors. In the first step, the body of the chemokine and the N-loop are specifically recognized by the N terminus of the receptor (CRS1). During the second step, the insertion of the chemokine N terminus into the receptor-binding pocket (CRS2) stabilizes its active form triggering downstream signalling. (C) Peptides derived from the N-terminal region of chemokines, which represent useful probes to investigate the interaction between chemokines and receptors. (D) Schematic representation of CXCL12 and location of the N-terminal features investigated in this study (blue) . The N-terminal region encompasses the flexible N terminus (1-8), the CXC cysteine motif (9-11) and the N-loop (13) (14) (15) (16) (17) . (E) Chemokine-derived peptides and CXCL11 variants investigated in this study.
CXCR3, suggesting that the ACKRs may employ an interaction mechanism that departs from the well-established two-step, two-site model.
Methods

Cells and antibodies
HEK293E cells were obtained from Invitrogen and U87 cells from Dr. Deng and Dr. Littman through the NIH AIDS programme (Bjorndal et al., 1997) 
Cloning and purification of recombinant modified CXCL11 chemokines
The N-loop-swapped CXCL11 chimeras, N-terminally truncated and P2G-mutated CXCL11 chemokines were cloned into previously described pQE30 vectors that incorporate an N-terminal His 6 and Saccharomyces cervisiae SUMO protein (Smt3) fusion tag for use in purification (Veldkamp et al., 2008; Takekoshi et al., 2012) .
Recombinant wild-type (CXCL11 1-73 ) and modified CXCL11 (CXCL11 Nloop12 , CXCL11 Nloop10 , CXCL11 3-73 , CXCL11 5-73 and CXCL11 7-73 ) were purified as N-terminal His 6 SUMO fusion proteins in Escherichia coli as previously described (Veldkamp et al., 2008; Takekoshi et al., 2012; Bachelerie et al., 2014a) . Cells were grown in Terrific Broth and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside before being harvested and stored at À80°C. Cell pellets were lysed, and lysates were clarified by centrifugation (12 000× g for 20 min). The supernatant and solubilized inclusion body pellets were loaded onto Ninitrilotriacetic acid resin, and after 1 h, proteins were eluted with 6 M guanidinium chloride, 50 mM Na 2 PO 4 (pH 7.4), 300 mM NaCl, 500 mM imidazole, 0.2% sodium azide and 0.1% β-mercaptoethanol. The eluate was pooled and refolded via dilution overnight before cleavage of the His 6 SUMO fusion tag by Ulp1 protease for 4 h. The His 6 SUMO fusion tag and chemokine were separated using cation-exchange chromatography (SP Sepharose Fast Flow resin; GE Healthcare UK Ltd. Little Chalfont, UK) and the eluate subjected to reverse-phase high-performance liquid chromatography as a final purification. Proteins were frozen, lyophilized and stored at À20°C. Purification, folding and homogeneity of recombinant proteins were verified by SDS-PAGE, matrixassisted laser desorption/ionization time of flight spectroscopy and 1 H-15 N heteronuclear single quantum correlation NMR spectroscopy. Binding of wild-type and modified recombinant CXCL11 chemokines to CXCR3 and ACKR3 was assessed in competition studies using radiolabeled CXCL11 (Perkin Elmer, Waltham, MA). Membranes from CXCR3-or ACKR3-expressing HEK293 cells were prepared as previously described (Kaya et al., 2012; Montpas et al., 2015) . Binding was performed using 5 μg of membrane protein per point with either 50 pM 125 I-CXCL11 or 50 pM 125 I-CXCL12 (PerkinElmer). Samples were equilibrated for 2 h at 4°C prior to the separation of unbound radioligand from bound radioligand using filtration and counting.
Binding competition assays with labelled CXCL12 and CXCL11
cAMP modulation assay
U87 cells stably transfected with cAMP GloSensor 22F vector (Promega, Madison, WI) (U87.Glo) were selected using hygromycin resistance (10 μg·mL À1 ), and the forskolininduced luminescence response was assessed. U87.Glo cells were then stably transfected with pBABE or pIRES vectors encoding CXCR3, CXCR4 or ACKR3 and selected using puromycin (0.5 or 1 μg·mL À1 ) or hygromycin (250 μg·mL À1 ) respectively. Single clones were isolated by cell sorting, using the corresponding monoclonal antibodies, and further validated by flow cytometry. For cAMP modulation measurements, cells were incubated for 90 min in the dark at 37°C in phenol red-free DMEM containing IBMX (500 μM) and 2% luciferin (GloSensor reagent; Promega); 15 × 10 4 cells per well were distributed onto white 96-well LumitracTM plates (Greiner, Kremsmünster, Austria) already containing chemokines or peptides at different concentrations in phenol red-free DMEM containing IBMX (500 μM) and 2% luciferin. Luminescence was recorded at different time points under forskolin-free conditions (Gilissen et al., 2015) using a POLARstar Omega (BMG LABTECH, Ortenberg, Germany). cAMP modulation induced by CXCL11 variants was assessed as previously described (Leduc et al., 2009) . HEK293E cells transiently expressing the BRET reporter fusion construct protein GFP 10 -Epac-Rluc3 and either CXCR3 or ACKR3 were seeded onto poly-D-lysine-coated 96-well plates. At 48 h post-transfection, culture medium was replaced with PBS supplemented with 0.1% BSA, 20 μM forskolin (Sigma-Aldrich, St Louis, MO), and cells stimulated with chemokines. cAMP modulation was measured after 10 min by the addition of Coelenterazine 400A at a final concentration of 5 μM (NanoLight Technology, Pinetop, AZ). Fluorescence and luminescence readings were collected using a Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany).
Ligand-induced calcium mobilization
Intracellular calcium mobilization, induced by chemokines or chemokine-derived peptides, was evaluated using a calcium-responsive fluorescent probe and an FLIPR Tetra device. U87.CXCR3, U87.CXCR4 and U87.ACKR3 cells were seeded in black-wall, gelatin-coated 96-well plates at 2 × 10 4 cells per well and incubated for 12 h. Cells were then loaded with either the fluorescent calcium probe Fluo-2 acetoxymethyl (AM; TefLabs, Austin, TX) at a final concentration of 4 μM in assay buffer (HBSS containing 20 mM HEPES buffer and 0.2% bovine serum albumin, pH 7.4) for 45 min at 37°C. The intracellular calcium mobilization induced by the chemokines (2 nM to 1 μM) or chemokine-derived peptides (200 nM to 100 μM) was then measured at room temperature by monitoring the fluorescence as a function of time in all wells simultaneously using a fluorescence imaging plate reader (FLIPR Tetra, Molecular Devices Sunnyvale, CA) as previously described (Princen et al., 2003) .
Signalling of chimeric CXCL11 chemokines through CXCR3 was assessed using Ready-to-Assay ™ CXCR3-expressing Chem-1 cells (Eurofins Pharma Bioanalytics, Abingdon, UK). Cells were seeded onto 0.3 mL v-bottom 96-well plates (Costar, Corning, NY) according to the manufacturer's protocol. The medium was removed 24 h later, and cells were washed with 200 μL HBSS. Assay buffer (HBSS, 20 mM HEPES, 0.1% BSA pH 7.4) and FLIPR 4 Calcium Flux kit dye (Molecular Devices) were added to each well in a 1:1 ratio. Plates were centrifuged for 15 s at 250× g and subsequently incubated for 1 h at 37°C. Fluorescence was measured at 37°C using a FlexStation2 microplate reader with excitation and emission of 485 nm and 515 nm respectively.
Arrestin recruitment assays
Chemokine-and peptide-induced β-arrestin-2 recruitment to CXCR3, CXCR4 and ACKR3 was monitored by NanoLuc complementation assay (NanoBiT, Promega) (Dixon et al., 2016) ; 1.2 × 10 6 U87 cells were plated in 10 cm culture dishes and, 48 h later, transfected with pNBe vectors containing human β-arrestin-2 N-terminally fused to LgBiT and receptors C-terminally fused to SmBiT. Forty-eight hours posttransfection cells were harvested, incubated 40 min at 37°C with 200-fold diluted Nano-Glo Live Cell substrate and distributed into white 96-well plates (5 × 10 4 cells per well). β-arrestin-2 recruitment in response to chemokines (0.1 nM to 1000 nM) or peptides (2 nM to 100 μM) was evaluated with a Mithras LB9 40 luminometer (Berthold Technologies). Modified recombinant CXCL11-induced β-arrestin2 recruitment to CXCR3 and ACKR3 was monitored by BRET measurements as previously described (Berchiche et al., 2011) . Briefly, HEK293E cells were transiently transfected with receptor yellow fluorescent protein (YFP) fusion constructs and β-arrestin-2-Rluc. Transfected cells were seeded onto poly-D-lysine-treated 96-well plates. At 48 h posttransfection, the culture medium was replaced with PBS supplemented with 0.1% BSA. Cells expressing receptor-YFP and β-arrestin-2-Rluc at a ratio resulting in BRET MAX were stimulated with chemokine ligands for 5 min at 37°C followed by the addition of Coelenterazine H to a final concentration of 5 μM (NanoLight technology). Fluorescence and luminescence were measured using a Mithras LB940 plate reader (Berthold Technologies). The Net-BRET signal was calculated by subtracting the background BRET signal from the signal obtained with the expression of β-arrestin-2-Rluc alone. The maximum signal of the mutants is reported as a percentage of WT, with CXCL11 WT being set to 100%.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Concentration-response curves were fitted to the four-parameter Hill equation using an iterative, least-squares method (GraphPad Prism version 7.02) to provide mean (with SEM) values of pEC 50 , pIC 50 , EC 50 or IC 50 . Unpaired t-tests were used to analyse the differences in pEC 50 / pIC 50 obtained from at least five experiments (n = 5). Peptides 1-17 (for CXCL12 and CXCL11) and 1-21 (for vCCL2) were considered as reference. Dimeric peptides were compared with their monomeric counterparts. CXCL11 variants were compared with the wild-type chemokine. P value of <0.05 was considered as statistically significant.
Materials
All peptides were purchased from JPT (Berlin, Germany) and contain a free amine at the N terminus and an amide group at the C terminus to avoid additional negative charge. Chemokines CXCL12, CXCL11, vCCL2 (vMIP-II), CXCL10 and CXCL9 were purchased from PeproTech (Rocky Hill, NJ). Alexa Fluor 647-labelled CXCL12 (CXCL12-AF647) and CXCL11 (CXCL11-AF647) were purchased from Almac (Craigavon, UK) and radiolabeled CXCL12 ( 125 I-CXCL12) and CXCL11 ( 125 I-CXCL11) from PerkinElmer. Peptide and chemokine cytotoxicity was monitored using an aminoreactive cell viability dye (Life Technologies) and an ATP quantification-based cell viability assay (Promega).
CXCR4, CXCR3 and ACKR3 was evaluated in competition studies with fluorescently labelled chemokines and in various G protein signalling or β-arrestin-2 recruitment assays and compared with that of the parental chemokines ( Figure 1 ).
Binding and activity of chemokine N-terminal peptides towards CXCR4, CXCR3 and ACKR3
First, peptides comprising the flexible N terminus, the cysteine motif and the N-loop of CXCL12, CXCL11, CXCL10, CXCL9 and vCCL2 chemokines (CXCL12 1-17 , CXCL11 1-17 , CXCL10 1-17 , CXCL9 1-17 and vCCL2 1-21 ) were examined ( Figure 1C -E).
In the CXCR4 binding assay, peptides CXCL12 1-17 and vCCL2 1-21 showed an 8000-and 100-fold weaker interaction, respectively, compared with full-length chemokines (Table 1 , Figure 2A , B). vCCL2 was approximately 50 times more potent (IC 50 = 2.0 μM, pIC50 = 5.71 ± 0.24) in displacing the labelled CXCL12 from CXCR4 than CXCL12 1-17 (IC 50~1 00 μM, pIC 50~4 ), whereas the parental chemokines of the two peptides interacted with the receptor with similar IC 50 values (IC 50 = 13 nM, pIC 50 = 7.89 ± 0.04 vs. IC 50 = 20 nM, pIC 50 = 7.70 ± 0.06 for CXCL12 and vCCL2, respectively). In functional assays, CXCL12-and vCCL2-derived peptides retained the activity of the parental chemokine, with CXCL12 1-17 inducing a decrease in basal cAMP levels (EC 50 = 2.1 μM, pEC 50 = 5.67 ± 0.06) and intracellular calcium release (EC 50 = 2.6 μM, pEC 50 = 5.58 ± 0.04) ( Figure 2C , D) and vCCL2 1-21 acting as antagonist of CXCL12-induced calcium release (IC 50 = 7.0 μM, pIC 50 = 5.15-± 0.05) ( Table 2) . Although its capacity to trigger G protein signalling was maintained, the ability of CXCL12 1-17 to induce β-arrestin-2 recruitment to CXCR4 was markedly reduced and, at the highest concentration tested (100 μM), reached only 18% of the maximal signal observed with CXCL12 (Table 3, Figure 2E ).
Similar results were obtained with peptides derived from CXCL11, CXCL10 and CXCL9 towards CXCR3 (Tables 2 and 3, Figure 2F -H). However, strong non-specific binding of fluorescently labelled CXCL11, resistant to competition by unlabelled chemokines, made it impossible to evaluate Table 1 Binding properties of full-length chemokines and peptides derived from their N-terminal regions towards CXCR4 and ACKR3 Binding competition studies with fluorescently labelled CXCL12 were performed in U87 cells (n = 5). Peptides 1-17 (for CXCL12 and CXCL11) and 1-21 (for vCCL2) were considered as the standard, reference peptides and monomeric mutant peptides were compared with these. Where dimeric peptides were assessed, these were compared with their corresponding monomeric peptides. *P < 0.05, significantly different from standard peptides or from monomeric peptides; ns, not significant, P > 0.05. a Highest concentration tested 30 μM. ND: not determined.
Figure 2
Binding, G protein signalling and β-arrestin-2 recruitment to CXCR4, CXCR3 and ACKR3 induced by full-length chemokines and chemokine Nterminal peptides. Binding and modulation of CXCR4 (A-E), CXCR3 (F-H) and ACKR3 (I-N) by full-length CXCL12, CXCL11, vCCL2 and peptides derived from their N-terminal regions. Binding to CXCR4 (A and B) and ACKR3 (I-K) was assessed by binding competition studies with Alexa Fluor 647-coupled CXCL12 in U87 cells stably expressing the receptors and analysed by flow cytometry. G protein signalling induced by full-length chemokines and peptides derived from their N-terminal regions towards CXCR4 (C and D) and CXCR3 (F and G) was evaluated by measuring the modulation of the basal intracellular cAMP concentration using Glo-cAMP sensor (C and F) or the release of intracellular calcium using Fluo-2 dye and FLIPR platform (D and G). (G-inset) Antagonist properties of peptide CXCL11 1-17 D monitored in calcium assay. β-arrestin-2 recruitment to CXCR4 (E), CXCR3 (H) and ACKR3 (L-N) induced by full-length chemokines and N-terminal peptides was monitored using a Nanoluciferase-based complementation assay (NanoBIT). Each experiment was performed five times, and the data shown are means ± SEM.
Table 2
G protein signalling properties of full-length chemokines and peptides derived from their N-terminal regions towards CXCR4 and CXCR3 cAMP modulation measurements were performed in U87 cells using GloSensor technology (n = 5). Peptides 1-17 (for CXCL12 and CXCL11) and 1-21 (for vCCL2) were considered as the standard, reference peptides and monomeric mutant peptides were compared with these. Where dimeric peptides were assessed, these were compared with their corresponding monomeric peptides.
Name
*P < 0.05, significantly different from standard peptides or from monomeric peptides; ns, not significant, P > 0.05. their binding to CXCR3 in competition studies on U87 cells. Moreover, due to peptide cytotoxicity, it was not possible to characterize the activity of CXCL11 1-17 and its variants as well as CXCL10 1-17 at concentrations above 30 to 50 μM, depending on the assay. Among the three peptides, CXCL11 1-17 and CXCL10 1-17 retained the ability to induce G proteinmediated signalling as shown in calcium release assay, albeit with an over 1500-fold reduction in potency (EC 50 ≈ 50 μM, pEC 50 ≈ 4.30 and EC 50 = 26.0 μM, pEC 50 = 4.58 ± 0.03) compared with the parental chemokines (EC 50 = 19 nM, pEC 50 = 7.72 ± 0.13 for CXCL11 and EC 50 = 18 nM, pEC 50 = 7.76 ± 0.19 for CXCL10) ( Figure 2G ). This decrease of potency was reminiscent of the 1500-fold difference observed between CXCL12 1-17 and the fulllength CXCL12 in G protein signalling through CXCR4 (Table 2) . Although it showed no cytotoxicity, CXCL9 1-17 was unable to induce G protein signalling even at a concentration as high as 100 μM, likely originating from the already low potency of its parental chemokine (EC 50 = 190 nM, pEC 50 = 6.73 ± 0.15) ( Table 2 ). CXCL11 1-17 induced 45% of the maximum β-arrestin-2 recruitment at a concentration of 10 μM, while CXCL10 1-17 was surprisingly unable to induce β-arrestin-2 recruitment even at a concentration of 30 μM (Table 3 , Figure 2H ). In ACKR3 binding experiments, the relative rank order of IC 50 values of the three peptides derived from CXCL12, CXCL11 and vCCL2 was different from that of their parental chemokines ( Figure 2I-K) .
CXCL12 1-17 and CXCL11 1-17 showed similar IC 50 values of 4.1 μM (pIC 50 = 5.39 ± 0.10) and 3.4 μM (pIC 50 = 5.46 ± 0.12), corresponding to a 2000-and a 1000-fold loss of binding when compared with their parental chemokines (1.8 nM, pIC 50 = 8.74 ± 0.07 and 3.5 nM, pIC 50 = 8.45 ± 0.03) (Table 1) ( Figure 2I , J). The reduced potency of these peptides was similar to that seen on CXCR4 and CXCR3 respectively. vCCL2 1-21 was stronger in binding ACKR3 (IC 50 = 1.7 μM, Table 3 Recruitment of β-arrestin-2 induced by full-length chemokines and peptides derived from their N-terminal regions to CXCR4, CXCR3 and ACKR3 β-arrestin-2 recruitment was monitored in U87 cells using split Nanoluciferase complementation assay (n = 5). Peptides 1-17 (for CXCL12 and CXCL11) and 1-21 (for vCCL2) were considered as the standard, reference peptides and monomeric mutant peptides were compared with these. Where dimeric peptides were assessed, these were compared with their corresponding monomeric peptides. *P < 0.05, significantly different from standard peptides or from monomeric peptides. a Highest concentration tested 30 μM. ND: not determined. P < 0.05, significantly different from ; ns. not significant, P > 0.05.
pIC 50 = 5.77 ± 0.13) than peptides derived from the endogenous chemokines, with only a 50-fold reduction compared to the full-length vCCL2 (IC 50 = 33.6 nM, pIC 50 = 7.47 ± 0.07) ( Figure 2K ). Unlike their weak activity towards CXCR4 and CXCR3, CXCL12 1-17 , CXCL11 1-17 and vCCL2 1-21 all strongly induced β-arrestin-2 recruitment to ACKR3, with EC 50 values of 0.8 μM (pEC 50 = 6.11 ± 0.05), 0.6 μM (pEC 50 = 6.22 ± 0.08) and 0.5 μM (pEC 50 = 6.31 ± 0.10) respectively ( Figure 2L-N) . Interestingly, peptides CXCL11 1-17 and vCCL2 1-21 , in contrast to their parental chemokines showing partial agonist profiles (Emax = 75 and 71% of CXCL12, respectively), were able to induce levels of β-arrestin-2 recruitment respectively higher than (134%) or comparable to (107%) the full agonist CXCL12 ( Figure 2M , N, Table 3 ). The maximum efficacy of CXCL12 1-17 was also comparable to that of the full-length CXCL12.
Effect of D-stereoisomer replacement on binding and activity of chemokine N-terminal peptides
The properties of peptides CXCL12 1-17 , CXCL11 1-17 and vCCL2 in which each amino acid has been replaced by the corresponding D-stereoisomer (CXCL12 1-17 D, CXCL11 1-17 D and vCCL2 1-21 D) were then evaluated for their action towards the three receptors in order to assess the plasticity of their ligand-binding pockets and their tolerance to such ligand modifications at the functional level. D-amino acid replacement had no effect on the binding of the CXCL12-derived peptides to CXCR4 and improved the binding of vCCL2 1-21 three-fold (IC 50 = 0.6 μM, pIC 50 = 6.21 ± 0.21) (Figure 2A , B, Table 1 ). Nevertheless, D-isomer replacement turned CXCL12 1-17 into a CXCR4 antagonist (IC 50 > 100 μM), while the initial antagonist activity of vCCL2 1-21 was conserved (IC 50 = 0.7 μM, pIC 50 = 5.2 ± 0.04) ( Figure 2C , Table 2 ). A similar agonist-to-antagonist conversion was observed for CXCL11 1-17 D in G protein signalling through CXCR3 (IC 50 = 7.4 μM, pIC 50 = 5.13 ± 0.06) (Table 2) , although the peptide did retain some of the agonist effect in β-arrestin recruitment to the receptor ( Figure 2G , H, Table 3 ).
In contrast, D-isomer replacement significantly impaired the ability of peptides derived from vCCL2 and CXCL12 to bind ACKR3, with a 50-fold increase in IC 50 for vCCL2 1-21 D and CXCL12 1-17 D compared with the L-stereoisomers ( Figure 2I -K, Table 1 ). For the CXCL11-derived peptide, this difference was much less marked, with the D-isomer showing only a twofold decrease in its ability to displace the labelled CXCL12 from ACKR3. Remarkably however, although reduced, all three D-stereoisomer peptides conserved the parental agonist activity towards ACKR3, inducing β-arrestin-2 recruitment with potencies reflecting the effect of the substitution observed in binding competition studies ( Figure 2L-N, Table 3 ).
Binding and activity of N-loop-and cysteine motif-truncated chemokine N-terminal peptides
Next, truncated peptides devoid of the N-loop and the cysteine motif and comprising only the flexible N termini of chemokines CXCL12, CXCL11 and vCCL2 (CXCL12 1-9 , CXCL11 1-9 and vCCL2 1-11 ) were investigated to assess the importance of these different N terminal regions in the binding and activity towards the receptors ( Figure 1E ).
Truncation of CXCL12 1-17 after the first cysteine (CXCL12 1-9 ) resulted in a loss of binding to CXCR4 (IC 50 >1000 μM, pIC 50 < 3.00), a marked decrease of calcium mobilization and a reduced ability to modulate cAMP production (EC 50 = 7.4 μM, pEC 50 = 5.11 ± 0.09) (Figure 2A , C, D, Tables 1 and 2 ). The similar truncation of vCCL2 1-21 to vCCL2 1-11 affected the peptide's ability to compete with labelled CXCL12 and resulted in an approximately 50-fold reduction in CXCR4 binding (IC 50~1 00 μM, pIC 50~4 .00) and antagonist properties ( Figure 2B , Tables 1 and 2 ) . CXCL11 1-9 retained its ability to induce cAMP modulation and showed a reduced potency in calcium mobilization through CXCR3 as well as β-arrestin-2 recruitment to the receptor ( Figure 2F-H, Tables 2 and 3 ). The effect of the truncation, however, could not be precisely evaluated and compared due to the cytotoxicity of the parental peptide CXCL11 1-17 at concentrations above 30 μM.
CXCL12 1-9 and CXCL11 1-9 showed only a slightly reduced binding to ACKR3 (IC 50 = 8.9 μM, pIC50 = 5.05 ± 0.13 and 8.1 μM pIC 50 = 5.09 ± 0.13) as compared with CXCL12 1-17 and CXCL11 1-17 , suggesting that the first nine residues of the chemokines support a large part of the binding of CXCL12 and CXCL11 N terminal region to the receptor ( Figure 2I , J, Table 1 ). In accordance with this assumption, a peptide in which the residues following the first cysteine where permutated randomly showed an IC 50 comparable with that of CXCL12 1-17 and CXCL12 1-9 (data not shown). Similarly, for vCCL2, truncation to vCCL2 1-11 resulted in a three-fold weaker binding to ACKR3 (IC 50 = 1.7 μM, pIC 50 = 5.27 ± 0.24) than vCCL2 1-21 (IC 50 = 5.4 μM, pIC 50 = 5.77 ± 0.13) (Figure 2 K, Table 1 ). In β-arrestin-2 recruitment experiments, truncation resulted only in a four-fold reduction of the potency of CXCL12 1-9 and CXCL11 1-9 compared with CXCL12 1-17 and CXCL11 1-17 , whereas it decreased the potency of vCCL2 1-11 by ten-fold ( Figure 2L -N, Table 3 ).
In conclusion, N-loop truncation drastically affected the interactions of peptides derived from CXCL12 and vCCL2 with CXCR4, whereas it only moderately reduced peptide ability to bind and activate ACKR3, suggesting that the two receptors have different chemokine recognition modes.
Effect of dimerization of the flexible chemokine N-terminal peptides on their binding and activity
Dimerization of the C-terminally truncated peptides [(CXCL12 1-9 ) 2 , (CXCL11 1-9 ) 2 and (vCCL2 1-11 ) 2 ] via a disulfide bridge between the terminal cysteine residues had a range of effects on the different peptide-receptor pairs ( Figure E) .
For CXCR4, dimerization of CXCL12 1-9 and vCCL2 1-11 substantially enhanced their binding and signalling potencies, as shown by an improvement of their IC 50 of over 100-fold observed in binding competition and their EC 50 of over three-to ten-fold in G protein signalling assays (Figure 2A-C, Tables 1 and 2 ). Similar ten-fold higher potency in cAMP modulation and markedly enhanced β-arrestin-2 recruitment were observed for CXCR3 interaction with the dimeric CXCL11 1-9 ( Figure 2F , H, Tables 2 and 3) . For ACKR3, dimerization had different effects on CXCL12 and CXCL11 peptides compared to the vCCL2 peptide. Both (CXCL12 1-9 ) 2 and (CXCL11 1-9 ) 2 showed an overall 5-to 10-fold improvement in their binding and β-arrestin-2 recruitment properties compared with their monomeric counterparts ( Figure 2I , J, L, M), whereas dimerization had no effect on the vCCL2-derived peptide ( Figure 2K, N) , suggesting that its binding mode differed slightly from that of the CXCL12-and CXCL11-derived peptides.
Altogether, these data showed that dimerization strongly enhanced the binding and activity of N-terminal peptides not only to CXCR4 but also CXCR3 and ACKR3. Moreover, the N-terminal domain of vCCL2 seems to interact with CXCR4 and ACKR3 according to different binding modes.
Effect of N-loop replacement on binding and activity of CXCL11 towards CXCR3 and ACKR3
To circumvent the cytotoxicity problems of CXCL11 peptides described above and to further assess the importance of the N-loop for CXCR3 and ACKR3 binding and activation, we generated variants of full-length CXCL11, in which the N-loop residues were replaced with those of CXCL10 (CXCL11 Nloop10 ) or CXCL12 (CXCL11 Nloop12 ) and evaluated their binding in competition studies with radiolabeled CXCL11 as well as receptor activation ( Figure 1E ). CXCL11 Nloop10 and CXCL11 Nloop12 bound to CXCR3 with IC 50 values of 38.2 nM (pEC 50 = 7.41 ± 0.11) and 120.5 nM (pEC 50 = 6.91 ± 0.08), respectively, compared with 3.2 nM (pEC 50 = 8.48 ± 0.09) for CXCL11 WT (Table 4) . Compared with CXCL11 WT , CXCL11 Nloop12 also showed reduced potency and efficacy in the induction of β-arrestin-2 recruitment to CXCR3, whereas the activity of CXCL11 Nloop10 (EC 50 = 37.3 nM, pEC 50 = 7.42 ± 0.08, Emax = 41%) was equivalent to that of CXCL11 WT (26.8 nM, pEC 50 = 7.57 ± 0.10) ( Figure 3A -C, Table 4 ). CXCL11 Nloop12 showed a~20-fold loss of potency in cAMP modulation relative to CXCL11 WT , while CXCL11 Nloop10 was almost unaffected by the substitution of N-loop residues from CXCL10 ( Figure 3B , Table 4 ). These data demonstrate that exchanging the N-loops of CXCL10 and CXCL11, which both bind to CXCR3, did not significantly impair chemokine activity whereas replacement of the CXCL11 N-loop with residues from a non-cognate chemokine ligand (i.e. CXCL12) significantly diminished its CXCR3 binding and activation.
In contrast to CXCR3, only modest differences were observed for the binding of the N-loop variants to ACKR3 as well as for their ability to induce the recruitment of β-arrestin-2 (Figure 3 , Table 4 ). Indeed, ACKR3 activation by CXCL11 WT and CXCL11 Nloop12 were indistinguishable ( Figure 6A ). Surprisingly, N-loop substitution from the non-cognate chemokine (i.e. CXCL10) also had no significant effects on ACKR3 β-arrestin-2 recruitment ( Figure 3C, Table 4 ), which is consistent with data generated using the N-loop-truncated peptides. This suggests that specific N-loop contacts are not required for ACKR3 binding or activation by CXCL11 and CXCL12. Therefore, unlike CXCR3 and CXCR4, ACKR3 appears relatively insensitive to the N-loop composition of its CXC chemokine ligands.
Effects of P2G mutation on binding and activity of chemokine-derived peptides and modified CXCL11
The proline at position 2 in CXCL12 is critical for CXCR4 activation (Crump et al., 1997) . As this proline is also conserved in CXCL11, P2G mutation was introduced in peptides derived from both CXCL12 and CXCL11, and the binding and activity towards their cognate receptors was evaluated ( Figure 1D, E) .
For CXCR4, P2G mutation (CXCL12 1-17/P2G ) considerably affected the agonist properties of the peptide and turned it into an antagonist (IC 50 = 35.5 μM, pIC 50 = 4.45 ± 0.06), while it slightly reduced its binding compared with CXCL12 1-17 (Table 2) . A similar shift from CXCR3 agonist to antagonist was observed in calcium assay with CXCL11 1-17 bearing the P2G mutation (CXCL11 1-17/P2G ) (IC 50 = 1.9 μM, pIC 50 = 5.73 ± 0.19) ( Figure 4F -inset, Tables 2).
The P2G mutation had opposite effect on the interaction of the two peptides with ACKR3. CXCL12 1-17/P2G exhibited a 150-fold reduction of binding (IC 50 = 60.9 μM, pIC 50 = 4.22 ± 1.19), while the same substitution in the CXCL11 peptide (CXCL11 1-17/P2G ) resulted in a surprising 20-fold increase in its binding with an IC 50 in the nanomolar range (IC 50 = 190 nM, pIC 50 = 6.72 ± 0.09) ( Figure 4A , Table 1 ). Moreover, in contrast to what was observed for CXCR4 and CXCR3, P2G mutation in CXCL12 and CXCL11 peptides did not convert them into ACKR3 antagonists but rather improved the potency of CXCL11 1-17/P2G while it reduced that of CXCL12 1-17/P2G ( Figure 4B , Table 3 ).
In agreement with the data obtained with the N-terminal peptides, the replacement of the proline at position 2 in fulllength CXCL11 substantially enhanced its IC 50 in ACKR3 binding competition (170-fold improvement), as well as its potency and efficacy (136%) in recruiting β-arrestin-2 to the receptor ( Figure 4C , Table 4 ). CXCL11 P2G also showed a 15-fold improved binding to CXCR3 compared with CXCL11 WT . However, in contrast to ACKR3, this chemokine showed a drastic reduction in its ability to induce β-arrestin-2 recruitment to CXCR3 ( Figure 4D ). More surprisingly, the introduction of the P2G mutation in CXCL11 only led to modest reduction of its agonist activity ( Figure 4E, F, Table 4 ), which may be related to its higher affinity.
Effect of amino-terminal truncation on binding and activity of chemokine-derived peptides and modified CXCL11
N-terminal truncations were also introduced in peptides derived from both CXCL12 and CXCL11, and their binding and activity towards the receptors was compared. For CXCR4, N-terminal residue truncation (CXCL12 2-17 ) drastically affected the agonist properties of the peptide, turning it into an antagonist in the calcium assay (IC 50 = 31.5 μM, pIC 50 = 4.50 ± 0.12), while the binding was only slightly reduced compared with CXCL12 1-17 . A similar change of activity towards CXCR3 was observed with CXCL11 2-17 lacking the amino-terminal phenylalanine (IC 50 = 7.36 μM, pIC 50 = 5.32 ± 0.15) ( Figures 5E-inset, Tables 1 and 2 ).
Interestingly, truncation of the first residue of the CXCL12 and CXCL11 peptides (Lys1 and Phe1, respectively) had different effects on their binding to ACKR3, with no effect on the IC 50 for CXCL12 2-17 and an over 10-fold increase for that of CXCL11 2-17 (Figures 5A). Although it substantially affected the potency in CXCL11, the N-terminal deletion in CXCL12 and CXCL11 peptides did not convert them to ACKR3 antagonists, as observed for CXCR4 and CXCR3 (Figures 5B).
The effects of N-terminal truncation were further investigated using full-length chemokines. A series of CXCL11 variants lacking 2, 4 or 6 N-terminal residues were generated, and their ability to bind and activate CXCR3 and ACKR3 was measured ( Figure 1E , Table 4 ). Truncated CXCL11 proteins (CXCL11 3-73 , CXCL11 5-73 and CXCL11 7-73 ) all showed diminished maximal β-arrestin-2 recruitment compared with CXCL11 WT for both CXCR3 and ACKR3 ( Figure 5C ). However, CXCL11 3-73 retained substantially more agonist efficacy at ACKR3 (Emax = 81%) than CXCR3 (Emax = 22%) ( Figure 5D , Table 4 ). The EC 50 value for CXCL11 3-73 -induced β-arrestin-2 recruitment to ACKR3 was also only two-fold higher than that of CXCL11 WT ( Figure 5C , Table 4 ). This result indicates that neither ACKR3 agonist potency nor efficacy is substantially altered by removal of the two N-terminal amino acids of CXCL11.
The analysis of the CXCL11 3-73 -CXCR3 interaction showed that N-terminal truncation had a significant effect on receptor binding and activation. CXCL11 3-73 bound to CXCR3 with an IC 50 of 123.3 nM (pIC 50 = 6.90 ± 0.09) as compared with the 3.2 nM (pIC 50 = 8.48 ± 0.09) for CXCL11 WT (Table 4) , which is indicative of a substantial loss of binding affinity. In addition, its potency and efficacy in G protein activation and β-arrestin-2 recruitment were drastically reduced ( Figure 5E , F, Table 4 ).
For the two receptors, the longer N-terminal deletions (CXCL11 5-73 and CXCL11 7-73 ) markedly reduced both binding and β-arrestin-2 recruitment efficacy and potency. However, the shorter truncation (CXCL11 3-73 ) maintained a higher portion of ACKR3 activity than CXCR3 activity, suggesting a higher tolerance for N-terminal processing.
Taken together, these results confirmed the previously demonstrated importance of the chemokine proximal Nterminal residues in CXCR3 and CXCR4 for both binding and activation and showed, for the first time, that ACKR3 ligand binding and activation was less dependent on the presence of the first amino acids and N loop residues. Moreover, this study suggested that ACKR3 could also act as a scavenger receptor for N terminally processed chemokines.
Discussion
Chemokine-receptor selectivity is dictated by numerous interactions along the receptor extracellular surface and transmembrane segments (TM; Steen et al., 2014; Burg et al., 2015 ; Qin et al., 2015) . Recent structural and mechanistic breakthroughs demonstrated that chemokines make extensive contacts with their receptors in a 1:1 stoichiometry through at least three major recognition sites (Veldkamp et al., 2008; Szpakowska et al., 2012; Kufareva et al., 2014 ; Table 4 Binding and signalling properties of CXCL11 variants towards CXCR3 and ACKR3 Name Binding competition studies with radiolabeled CXCL11 (CXCR3) or CXCL12 (ACKR3) were performed in HEK293T cells (n = 5). β-arrestin-2 recruitment was monitored by BRET in HEK293T cells expressing YFP-fused receptors and Rluc-fused β-arrestin-2.
*P < 0.05, significantly different from WT peptide; ns. not significant. Steen et al., 2014; Burg et al., 2015; Qin et al., 2015; Zheng et al., 2017) . Despite these advances, and in the absence of comparative structural data, the roles of the conserved features present in chemokines, and especially in their Nterminal regions, remain obscure. Although a growing body of evidence indicates that the two-site/two-step binding mode proposed for chemokines and their receptors is oversimplified, the essential role of chemokine N termini in mediating receptor affinity and activity is well demonstrated, as their truncation or modification drastically affects chemokine function (Crump et al., 1997; Qin et al., 2015; Kleist et al., 2016) . While studies have documented the role of chemokine N-terminal interactions with CXCR4 for CXCL12 and vCCL2 (Heveker et al., 1998; Loetscher et al., 1998; Zhou et al., 2000; Chevigne et al., 2011) , none has compared the role of chemokine N termini between multiple receptor targets, limiting our understanding of the complex regulatory principles in promiscuous chemokine systems. 
Figure 4
Binding and activation of ACKR3 and CXCR3 by N-terminal peptides and full-length CXCL11 bearing the P2G mutation. (A and B) Comparison of the effects of the P2G mutation in CXCL12-and CXCL11-derived peptides on (A) binding to ACKR3 assessed by competition studies with Alexa Fluor 647-coupled CXCL12 and (B) β-arrestin-2 recruitment to ACKR3 monitored by NanoLuc complementation in U87 cells. (C and D) Comparison of β-arrestin-2 recruitment to ACKR3 (C) and CXCR3 (D) induced by CXCL11 WT and P2G mutant in HEK293 cells monitored by BRET using receptor-YFP fusion constructs and β-arrestin-2-Rluc. (E and F) CXCR3 activation by CXCL11 WT and P2G mutant monitored in HEK293 cells through (E) adenylate cyclase inhibition using BRET reporter GFP10-Epac-Rluc3 and (F) intracellular calcium release using FLIPR 4 Calcium Flux kit dye. (F-inset) Antagonist properties of peptide CXCL11 1-17/P2G monitored in calcium assay. Each experiment was performed five times, and the data shown are means ± SEM.
In this study, we examined the importance of different features present in the N-terminal regions of CXCL12, CXCL11 and vCCL2 for binding and activation of a trio of receptors: two conventional receptors, CXCR4 and CXCR3, and the ACKR3. Using this subset of interconnected receptors, we also investigated how widespread the binding capacity of D-stereoisomers and the improved binding of dimeric ligands are, these properties being commonly recognized for CXCR4 (Heveker et al., 2001; Zhou et al., 2002; Choi et al., 2012) (Figure 7) .
The results from binding and activity analyses of peptides derived from CXCL12 and vCCL2 re-examined in this study were consistent with previous reports (Crump et al., 1997; Heveker et al., 1998; Loetscher et al., 1998; Luo et al., 2000; Zhou et al., 2000 Zhou et al., , 2002 Chevigne et al., 2011) . The investigation of a larger set of modifications of chemokine-derived peptides, not only on CXCR4 but also on CXCR3 and ACKR3, provided new insights into the importance of different chemokine N-terminal features for receptor binding and activation. Notably, our study showed that the use of peptides derived from chemokine N termini to probe the ligandbinding pocket or to evaluate the importance of specific modifications on binding and signalling is not only restricted to CXCR4 but can also be extended to other receptors in the CXC and ACKR subfamilies.
Different roles of chemokine N-loop and proximal N-terminal residues in binding and activation of CXCR3 and CXCR4, compared with ACKR3
The importance of the chemokine N-loop for tight receptor binding initially observed for the CXCR4-CXCL12 pair was conserved in CXCR3 ( Figure 7A, B) . N-loop truncation in peptides derived from CXCL12 and CXCL11 reduced drastically their binding to CXCR4 and CXCR3. Moreover, exchange of the N-loop of CXCL11 for that of CXCL10 had only a minimal effect on CXCR3 activation, consistent with the ability of CXCL10 to bind CXCR3 with a somewhat lower affinity compared to CXCL11 (Clark-Lewis et al., 2003; Heise et al., 2005) . In contrast, substitution with the N-loop of CXCL12 decreased CXCR3 binding and reduced the potency of both G protein and β-arrestin-2 signalling by approximately 10-fold. This finding was expected, as CXCL12 is not a ligand for CXCR3, thus confirming the important role of the N-loop for chemokine binding to CRS1 of canonical chemokine receptors, CXCR3 and CXCR4.
In contrast, N-loop truncation in peptides derived from CXCL12 or CXCL11 only slightly affects ACKR3 binding and signalling. ACKR3 binding and activation by full-length CXCL11 was also insensitive to N-loop substitutions with those of CXCL10 or CXCL12. Taken together, the combined results from the N-loop chimeras and truncated peptides suggest that N-loop contacts, which are important for CXCR4 and CXCR3 recognition, are not essential for ACKR3-chemokine interactions ( Figure 7A ).
As previously been reported for CXCR4, dimeric peptides derived from CXCL11 were also more potent in CXCR3 binding and activation than their monomeric counterparts ( Figure 7B ). This improvement in affinity and consequentially in potency may result from the presence of the cysteine bridge linking the two monomers possibly mimicking the first disulfide bridge of the parental chemokines, which, as suggested by the first crystal structures of chemokine-receptor complexes, could be crucial for tight receptor binding (Burg et al., 2015; Qin et al., 2015) . Alternatively, better binding of bivalent peptides may arise from an avidity effect through binding of receptor homodimers. Indeed, as described for CXCR4, CXCR3 may also form homodimers, possibly through a TM5 and TM6 dimer interface, bringing the two chemokine N terminus-binding pockets (CRS2) into close proximity (Wu et al., 2010; Chevigne et al., 2014) . Finally, we cannot exclude the possibility that the improvement in binding and potency results from allosteric contacts of the second protomer with extracellular non-CRS2 determinants of the same receptor.
In our system, dimeric peptides derived from the flexible N termini of CXCL12 and CXCL11 bound to ACKR3 with higher affinities and induced β-arrestin-2 recruitment to the receptor with increased potency. These data indicate that the first disulfide bridge of chemokines may also be an important factor in ACKR3 recognition. Interestingly, dimerization of the vCCL2-derived peptide had little effect on ACKR3 binding suggesting that the vCCL2 N terminus may occupy the receptor's sub-pockets differently or bind more deeply in the TM region of ACKR3 than the N termini of either CXCL12 or CXCL11. Furthermore, although the full-length chemokines CXCL12 and CXCL11 display a higher affinity for ACKR3 than does vCCL2, the N-terminal vCCL2 peptide retained a higher proportion of the parental chemokine binding capacity than the peptides derived from the endogenous chemokines. A similar observation was made for CXCR4 ( Figure 7C ). This higher affinity may simply result from the larger size of vCCL2 peptide (21 residues versus 17 for the CXC chemokines) or may be related to the ability of vCCL2 to bind a broad spectrum of receptors of all the four classes (XC, CC, CXC and CX3C), implying that its core may have evolved less tight and more promiscuous binding capacity, while the N terminus plays a more important role in specific binding and modulation of downstream activity Szpakowska and Chevigne, 2015) .
Furthermore, peptides bearing simple modifications such as amino-terminal residue deletion, P2G mutation or D-amino acid replacement retained their ability to bind to both CXCR3 and CXCR4, but their agonist activity was drastically reduced or changed to antagonism. These results illustrate the crucial role of the proximal N-terminal region of chemokines and the stringency of the contacts at CRS2 that are required for classical CXC receptor activation (Figure 7) . Strikingly, although some modifications introduced in the proximal part of the peptides derived from the three chemokines affected their binding to ACKR3, none of them resulted in a loss of receptor activation. For instance, in contrast to the results with CXCR4 and CXCR3, proximal N-terminal truncation, P2G mutation, and even complete D-amino acid replacement in CXCL12-and CXCL11-derived peptides did not change their activity towards ACKR3 (Figure 7) .
Collectively, these data suggest that the molecular interaction network within the binding pocket required for ACKR3 activation is different and less stringent than that for CXCR4 and CXCR3 and relies less on the proximal residues of the chemokine (Figures 6A and 7D ).
Figure 6
Differential contribution of chemokine N-terminal features to interactions with CXCR3/CXCR4 and ACKR3 and distribution between receptor active/inactive states. (A) The entire chemokine N-terminal region (green) is critical for the binding and activation of the canonical receptors CXCR3 and CXCR4, whereas the most N-terminal residues (red) as well as the N-loop (red) do not appear important for activation of the atypical receptor ACKR3. (B) Comparison of the distribution of active (R* green) and inactive (R* red) conformations of CXCR4/CXCR3 and ACKR3 stabilized by ligands (L) targeting the receptor transmembrane ligand-binding pocket (CRS2). CXCR4 and CXCR3 have low basal activity (light red) and are 'balanced' receptors as ligand binding to CRS2 can stabilize either the active state (green) or inactive state (red). ACKR3 is an 'activation-prone' receptor as ligand binding preferentially stabilizes the active state (green) of the receptor leading to β-arrestin-2 recruitment. Indeed, so far, no ligand targeting the transmembrane pocket of ACKR3 without displaying agonist activity has been reported.
Mechanistic interpretation of ACKR3 permissiveness to chemokine N-terminal modifications
Our results as well as numerous previous studies conducted with non-chemokine ligands demonstrated that in contrast to classical chemokine receptors, such as CXCR4 or CXCR3, ACKR3 is an 'activation-prone' receptor ( Figure 6B ) and is able to accommodate a diverse set of ligands including small molecules, peptides and several chemokines, in each case resulting in receptor activation and ultimately arrestin recruitment (Burns et al., 2006; Wijtmans et al., 2012; Ikeda et al., 2013; Montpas et al., 2015; Oishi et al., 2015; Szpakowska et al., 2016; Benredjem et al., 2017; Gustavsson et al., 2017) . Numerous CXCR4 antagonists, including AMD3100, TC14012 and vCCL2, act as agonists towards ACKR3. Recent screening by phage display of N-terminally randomized CXCL12 also led to the selection of variants all displaying ACKR3 agonist properties (Hanes et al., 2015) . Jointly, these results suggest that ACKR3 has a highly plastic binding pocket which funnels the diverse binding modes and unique contacts of its many ligands at the extracellular half of the receptor into a limited signalling repertoire (i.e. arrestin recruitment) arising from its intracellular half ( Figure 7D ). As such, it is tempting to speculate that the extracellular half of ACKR3 and its intracellular half may operate semi-autonomously, save for the ability of all ACKR3 ligands to set off an easily triggered 'tripwire' leading to arrestin recruitment (Rajagopal et al., 2013) .
ACKR3 was the only receptor studied for which activation was insensitive to changes in the N-loop, D-stereoisomer replacement, mutations and truncations at the proximal N termini of its chemokine ligands. Although recent structural data suggest that ACKR3 activation relies on a mechanism similar to classical receptors (Gustavsson et al., 2017) , the higher propensity of ACKR3 towards activation appears to depend on a less sophisticated mechanism, involving a simple, highly accessible molecular switch leading to the observed 'agonism bias'. Indeed, our findings suggest that the principal determinants for chemokine affinity and activation of ACKR3 are located between residues 2 to 9 of CXCL12 and CXCL11 with no or little contribution of the N-loop and the N-terminal residues. Therefore, different sub-pocket occupancy or structural changes may be required for ACKR3 as compared with CXCR4 and CXCR3, with activation
Figure 7
Contributions of chemokine and receptor regions to binding and activation of ACKR3, CXCR3 and CXCR4. (A-C) Importance of structural determinants of chemokines CXCL12 (A), CXCL11 (B) and vCCL2 (C) for binding and activity towards the receptors. Upper diagram: effects of the different modifications of chemokine N-terminal domains on receptor binding and/or activity: ≈ no effect or <5-fold change; ↑ or ↓ increase or decrease by >5 fold; ↑↑ or ↓↓ increase or decrease by >50 fold. Lower diagram: activity (shown as green circles) and lack of activity (shown as red circles) in G protein signalling (Gpro) and β-arrestin recruitment (βarr) of peptides comprising the flexible N terminus and the N-loop (1-17/21), their D stereoisomers and proximally modified variants (P2G, 2-17). (D) Comparison of ACKR3 and CXCR3/4 binding pockets. The activation determinants of ACKR3 are localized closer to the surface compared with CXCR3 and CXCR4. Ligand binding to ACKR3 pocket triggers a limited signalling repertoire (i.e. β-arrestin-2 recruitment). In contrast, CXCR4 and CXCR3 activation determinants are localized deeper in the ligand binding pocket with chemokine triggering G protein signalling and, subsequently, arrestin recruitment.
determinants located not only at the bottom but also more on the outside of the orthosteric ligand binding pocket (Figure 7 ) . To support this hypothesis, it has been demonstrated that charged residues located at the top of TM4, TM6 and in extracellular loop (ECL) 2 [e.g. R197 ECL2 , D179 4.60 and D275 6.58 ; Ballesteros-Weinstein nomenclature in superscript; Ballesteros and Weinstein, (Academic Press, 1995) ] are crucial for activation by TC14012 and its derivatives. Due to the localization of these residues to the upper part of the TM domains and the roots of the ECLs in ACKR3, it was speculated that ACKR3-mediated β-arrestin-2 recruitment may not rely on a classical CRS2 , characterized by activation toggle interactions located exclusively at the bottom of the ligand binding pocket. Recent studies on ACKR3 further support this hypothesis. First, it was shown that CXCL11 and CXCL12 depend on many of the same residues as TC14012 in and adjacent to the ECLs of ACKR3 for binding and/or activation, as well as some newly described sites (e.g. E114 3.22 and K206 ECL2 ). Surprisingly, a mutation at the top of TM3 adjacent to ECL2 (K118 3.26 A) caused constitutive β-arrestin recruitment giving credence to the notion that arrestin signalling could also be triggered by the top of the ligand binding pocket (Benredjem et al., 2017) . Conversely, mutation of a tryptophan at the top of the cavity at the ECL2-TM5 junction (W208 5.34 A) caused a decrease in β-arrestin recruitment for CXCL12 and a small molecule partial agonist binding at the bottom of ACKR3 ligand binding pocket (Gustavsson et al., 2017) . These mechanistic considerations aside, the tendency of ACKR3 towards activation poses challenges to the discovery of efficient and specific antagonists. So far, no small molecules have been shown to decrease arrestin recruitment at ACKR3, illustrating the importance of understanding the interactions and mechanisms underlying its activation. Encouragingly, however, the recent discovery of two chemokine receptor antagonists targeting the intracellular domain of CCR2 and CCR9 (Oswald et al., 2016; Zheng et al., 2016) supports the feasibility of developing similar antagonists at ACKR3.
Implications of N-terminal modifications on chemokine scavenging function of ACKR3
The higher permissivity of ACKR3 to ligand modifications, which at first sight may appear surprising, may be of functional importance with respect to its scavenging functions. Indeed, in addition to scavenging native chemokines to limit their agonist activity on CXCR4 and CXCR3, our results suggest that ACKR3 may also bind and clear N-terminally processed chemokine species, such as those resulting from the action of proteases, including dipeptidyl peptidase 4 (DPP4 or CD26). Cleavage of CXCL11 and CXCL12 is an efficient post-translational processing event that inactivates agonist activity towards CXCR3 and CXCR4 and leads to detectable serum levels of CXCL11 (Proost et al., 1998 (Proost et al., , 2007 . Although CXCL11 3-73 showed~5-fold reduction in binding to ACKR3 compared to CXCL11 WT , the deletion of the first two residues of CXCL11 decreased binding to CXCR3 to a larger extent (~40 fold) and, more importantly, had only a modest effect on ACKR3 activation (Proost et al., 2001 (Proost et al., , 2007 . Our results are in agreement with data from a recent study on proteolyzed CXCL12 and its interactions with CXCR4 and ACKR3 (Janssens et al., 2017) .
In conclusion, this study represents the first comparative, in-depth, structure-function analysis of the importance of the chemokine N-terminal features for the binding to and activation of conventional and ACKRs. Our results revealed unexpected contrasts between the structural motifs required for conventional and atypical receptors with CRS1 (binding to the N-loop) or CRS2 (binding to the chemokine N terminus) interactions important for CXCR3 and CXCR4 binding and activation but dispensable for ACKR3 (Figure 7 ). These data demonstrate that in addition to distinct functional roles, ACKR3 also presents an activation mechanism different from that of CXCR4 and CXCR3, with which it shares chemokine ligands, supporting its recent classification as an ACKR (Bachelerie et al., 2014b) . However, whether the observations reported in this study are characteristic of all ACKRs and CKRs remains to be investigated.
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